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ABSTRACT
We conducted a two-night photometric survey of small Kuiper Belt objects (KBOs) near opposition
using the wide-field Hyper Suprime-Cam instrument on the 8.2 m Subaru Telescope. The survey
covered about 90 deg2 of sky, with each field imaged in the g and i bands. We detected 356 KBOs,
ranging in absolute magnitude from 6.5 to 10.4. Filtering for high-inclination objects within the hot
KBO population, we show that the g− i color distribution is strongly bimodal, indicative of two color
classes — the red and very red subpopulations. After categorizing objects into the two subpopulations
by color, we present the first dedicated analysis of the magnitude distributions of the individual color
subpopulations and demonstrate that the two distributions are roughly identical in shape throughout
the entire size range covered by our survey. Comparing the color distribution of small hot KBOs with
that of Centaurs, we find that they have similar bimodal shapes, thereby providing strong confirmation
of previous explanations for the attested bimodality of Centaurs. We also show that the magnitude
distributions of the two KBO color subpopulations and the two color subpopulations observed in the
Jupiter Trojans are statistically indistinguishable. Finally, we discuss a hypothesis describing the
origin of the KBO color bimodality based on our survey results.
1. INTRODUCTION
Obtaining a better understanding of the composition
of Kuiper Belt objects (KBOs) has become a major field
of interest in planetary science, with important implica-
tions for formation and evolution theories of the solar
system. Over the past decade, a concerted observational
effort has produced a significant increase in the number
of known objects and revealed the dynamical complexity
of the Kuiper Belt region. However, even with recent ad-
vances in telescope capabilities, the great heliocentric dis-
tances of these bodies continue to be an obstacle for de-
tailed characterization of their surfaces. At present, only
the largest KBOs are amenable to spectroscopic study
with sufficient signal-to-noise to distinguish absorption
features of chemical species.
While spectroscopic observations of large KBOs have
revealed a wide range of absorbing species (such as am-
monia, methanol, methane, and ethane; see, for exam-
ple, review by Brown 2012), the surface compositions
of these bodies are not expected to reflect directly on
the primordial makeup of the protoplanetary disk in the
trans-Neptunian region. These large objects, with di-
ameters exceeding ∼500 km, have sufficient mass to be
gravitationally circularized and are likely internally dif-
ferentiated. As a result, their surfaces have been shaped
by secondary processes (including the possible retention
of tenuous and/or ephemeral atmospheres) and may dif-
fer significantly from their bulk composition. To obtain
a more representative picture of the bulk composition of
KBOs, we must study smaller objects, whose surfaces
are more representative of the primordial planetesimals
in the trans-Neptunian region.
Broadband photometry has served as a powerful tool
for understanding the surface properties of smaller
KBOs. An analysis of the range of colors within the
* Based on data collected at Subaru Telescope, which is oper-
ated by the National Astronomical Observatory of Japan.
overall KBO population and trends in the color distri-
bution with relation to the various dynamical classes
within the Kuiper belt region provides a descriptive pic-
ture of the compositional diversity of the formation en-
vironment and how the Kuiper Belt evolved to its cur-
rent state. To date, hundreds of KBO colors have been
measured, revealing the general properties of low albedos
and reddish colors across the intermediate and small size
ranges, extending down through objects with diameters
of 50 km and less (Hainaut et al. 2012). Several stud-
ies have suggested a color bimodality among objects in
the dynamically-excited (i.e., hot) KBO population (e.g.,
Fraser & Brown 2012; Peixinho et al. 2012; Lacerda et al.
2014). A bimodal color distribution would have major
implications for the formation of these bodies, indicating
two types of surface compositions and perhaps two differ-
ent formation environments. However, since most of the
color measurements in the literature have been obtained
through targeted observations, the observational biases
are difficult to quantify, and as such, the underlying color
distribution of hot KBOs remains poorly constrained.
Photometric observations of Centaurs, which are for-
mer members of the hot KBO population that have been
scattered onto giant planet crossing orbits, provide a
complementary look at the color distribution of these
outer solar system objects. Their smaller heliocentric
distances allow greater ease in obtaining precise color
measurements. Recent analyses of Centaurs demonstrate
a robust bimodality in the optical color distribution ex-
tending through the entire observed size range — from
the largest Centaur, 10199 Chariklo (∼250 km), down
through ∼10− 20 km sized objects — dividing the Cen-
taur population into two color classes (e.g., Peixinho
et al. 2003; Barucci et al. 2005; Perna et al. 2010).
Some have argued that, based on the putative color
bimodality of similarly-sized hot KBOs, the two color
classes in the Centaurs correspond to the two color
classes observed in the Kuiper Belt (Fraser & Brown
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22012; Peixinho et al. 2012, 2015). Others have posited
that the bimodality in the Centaur color distribution
could have arisen from divergent orbital histories of these
objects as they were scattered inward into their present-
day eccentric orbits: objects that spent a larger frac-
tion of the time at small heliocentric distances would
have experienced on average higher temperatures and
space weathering, which may have altered their surfaces
(Melita & Licandro 2012). Without a fuller understand-
ing of the underlying color distribution of KBOs in this
size range, the origin of the Centaur color bimodality has
remained an open question.
We present the results of the first systematic photo-
metric survey of small KBOs, conducted using the Hyper
Suprime-Cam instrument at the Subaru Telescope.This
instrument has the largest field of view of any camera on
an 8–10 m class telescope currently in operation, making
it the ideal tool for surveying small Kuiper Belt objects.
By imaging fields in two bandpasses, we were able to si-
multaneously detect KBOs (on average 7 per field) and
measure their colors to efficiently achieve a uniform sur-
vey dataset. Filtering our dataset to study the hot KBO
population specifically, we report a robust bimodality in
the color distribution. The paper is organized as follows:
The observing strategy and data processing methods of
our survey are described in Section 2. In Section 3, we
analyze the color distribution of hot KBOs and catego-
rize objects into the two color classes in order to study
their magnitude distributions individually. Finally, in
Section 4, we discuss the survey results in the context of
previous analyses of Centaurs and Jupiter Trojans and
present a hypothesis of the origin of the color bimodality.
2. OBSERVATIONS
We carried out observations of the Kuiper Belt near
opposition using the Hyper Suprime-Cam instrument
(HSC) on the 8.2 m Subaru Telescope at Mauna Kea,
Hawaii during the nights of UT 2014 September 23 and
2015 March 19. The HSC is a wide-field prime focus
camera that consists of a mosaic of 104 2048×4096 pixel
CCD detectors and covers a 90′ diameter field of view
with a pixel scale of 0.17′′ (Miyazaki et al. 2012). We
obtained four 180 s exposures in each of our observing
fields — twice in the g filter (λeff = 480.9 nm) and twice
in the i filter (λeff = 770.9 nm). Fields were imaged
in groups following the band sequence i − i − g − g or
g − g − i − i in order to minimize the number of filter
changes. The average observational arc for each field is
230 minutes, with the four exposures in each field spaced
roughly evenly at 1 hour intervals. The time interval be-
tween exposures did not vary significantly from field to
field or between the two nights of observation. Figure 1
shows the on-sky positions of the 52 observed fields, with
a total surveyed area of 92 deg2. Full details of our ob-
servations and computed orbital, magnitude, and color
information are provided in a supplemental table.
We processed the images and detected moving objects
using methods similar to those described in detail in our
previous Subaru/Suprime-Cam survey of small Jupiter
Trojans (Wong & Brown 2015). After bias-subtracting
and flat-fielding the images, we calculated the astromet-
ric solution for each chip by first creating a pixel posi-
tion catalog of all the bright sources using Version 2.11
of SExtractor (Bertin & Arnouts 1996) and then feeding
the catalog into Version 1.7.0 of SCAMP (Bertin 2006)
to compute the astrometric projection parameters. The
typical residual RMS value between the on-sky positions
of detected stars in an image and matched reference stars
is much less than 0.5′′; the typical RMS of the position
offset between matched stars across images taken in the
same observing field is less than 0.05′′.
After passing the distortion-corrected images through
SExtractor again, with the detection threshold set at 1.5
times the background standard deviation, we systemati-
cally searched for transients, i.e., sets of four source de-
tections (one in each of the four images in an observing
field) that do not reoccur in the same location. We car-
ried out orbital fits for all transients using the methods
described in Berstein & Khushalani (2000). A transient
was classified as a moving object candidate if the corre-
sponding χ2 value from the orbit fit was less than 15. We
considered only transients consistent with apparent sky
motion less than 10′′/hr; this cutoff was chosen with the
intent of detecting some closer-in Centaurs, in addition
to KBOs.
We visually verified every moving object candidate, re-
jecting all non-asteroidal moving object candidates, as
well as asteroids that passed through regions of the chip
that would likely yield unreliable and uncorrectable mag-
nitude measurements (e.g., diffraction spikes, chip arti-
facts). Our survey detected a total of 372 validated ob-
jects. Of these objects, 18 passed in front of background
stars, coincided with a cosmic ray hit, or passed close
to the edge of a chip in one out of the four exposures.
For these objects, we removed the problematic detections
from consideration in computing heliocentric distances
and measuring magnitudes. The distribution of heliocen-
tric distances (computed in our orbital fits) for all 372
objects is shown in Figure 2. The median uncertainty in
the calculated heliocentric distances is 3.5 au.
We considered all 356 objects with heliocentric dis-
tances larger than the orbital semi-major axis of Nep-
tune (roughly 30 au) to be KBOs, with the remaining
16 closer-in objects identified as Centaurs. The separa-
tion between KBOs and Centaurs is evident in the plot
of heliocentric distances. In our analysis, we also sought
to filter out possible contamination from cold classical
KBOs, which are characterized by photometric proper-
ties, orbital properties, and a size distribution that are
distinct from the rest of the Kuiper Belt (see, for exam-
ple, the review by Brown 2012, and references therein).
Since cold classical KBOs have low orbital inclinations,
we wanted to remove from consideration all objects with
inclinations less than 5◦ (as was done in, for example,
Bernstein et al. 2004). Due to our survey’s short obser-
vational arcs, the uncertainties in calculated inclinations
are quite large, averaging around 10◦. To select for hot
KBOs, we filter for objects observed at ecliptic latitudes
greater than 5◦ and/or objects with measured inclina-
tions greater than 5◦ at the 1σ level (i.e., i −∆i > 5◦).
The resulting final set of hot KBOs contains 136 objects
and serves as the operational KBO dataset for our anal-
ysis. In the following, we will refer to this dataset as
simply the survey KBOs.
We measured the flux of each object through a fixed
circular aperture with a diameter of 5 pixels, which
roughly corresponds to the average seeing on the nights
of our observations. The apparent magnitude m of an
32014 Sep 23 
2015 Mar 19 
Fig. 1.— Locations of the 52 Subaru Hyper Suprime-Cam fields observed as part of our two-night Kuiper Belt color survey (blue points).
The position of the ecliptic on each night is indicated by the solid black line. The number of objects detected in each field is given by the
number above the corresponding point. The shaded ellipse shown in the lower right corner of each panel represents the field of view of each
exposure, to scale.
Centaurs 
KBOs 
Fig. 2.— Distribution of heliocentric distance for the 372 aster-
oids detected in our survey. Objects with heliocentric distances
greater than 30 au are classified as KBOs, while the closer-in ob-
jects are Centaurs. The typical uncertainty of our heliocentric dis-
tance estimates is 3.5 au.
object in an image is m = m0 − 2.5 log10(f) = m0 +ms,
where f is the measured flux, m0 is the zero-point mag-
nitude of the image, and the survey magnitude has been
defined as ms ≡ −2.5 log10(f). For each exposure, fol-
lowing the methods of Wong & Brown (2015), we calcu-
lated the zero-point magnitude of each chip by matching
all non-saturated sources detected by SExtractor to ref-
erence stars in the Sloan Digital Sky Survey Data Release
9 (SDSS DR9) catalog and carrying out a linear fit with
slope set to unity through the points (ms,m). When
calibrating images in the HSC g and i filters, we used
SDSS g-band and i -band star magnitudes, respectively.
The resulting apparent magnitudes are therefore bench-
marked to the SDSS photometric system. We computed
the corresponding uncertainties in the apparent magni-
tude using standard error propagation techniques.
We compared the positions of the KBOs detected by
our survey with those of previously discovered KBOs
listed in the Minor Planet Center catalog for the nights
of our observations. Ten objects were matched to known
KBOs (see Supplemental Table).
3. DATA ANALYSIS
3.1. KBO color distribution
4From the apparent g and i magnitudes obtained
through our photometric calibration (generally two in
each band, unless masked due to a problematic detec-
tion in one exposure), we computed error-weighted mean
g and i magnitudes for each object, from which we subse-
quently derived the g− i color. The uncertainty in color
σg−i is given by the quadrature sum of the individual g
and i mean magnitude errors.
Asteroid rotation during the approximately 4 hour ob-
servational arc of each detected object can entail an addi-
tional contribution to the color uncertainty. We followed
the methods of Wong & Brown (2015) and utilized the
repeated observations in each band to empirically deter-
mine the rotational contribution to the color uncertainty.
The standard deviation of differences between two con-
secutive g-band magnitude measurements is comprised of
a contribution from the photometric uncertainties of the
individual magnitude measurements alone (given by the
quadrature sum of the individual magnitude uncertain-
ties), as well as any additional contribution from mag-
nitude modulation of the object due to rotation. When
comparing the standard deviation of g-band magnitude
differences (binned by 0.5 mag intervals) with the corre-
sponding photometric error contribution, we found that
the values were comparable; in other words, the photo-
metric error contribution does not systematically under-
estimate the standard deviation values. The same con-
clusion was reached for i-band. Therefore, we find that
asteroid rotation does not have an appreciable effect on
the color measurements overall.
Only two KBOs detected by our survey and matched
with known objects have previous color measurements —
2000 QN251 and 2005 SC278. Both of these KBOs were
observed and analyzed by Sheppard (2012), who reported
g−i colors of 1.21±0.07 and 1.51±0.04, respectively. The
colors that we measured are 1.73± 0.05 and 1.40± 0.03,
respectively. While the colors measured for 2005 SC278
are comparable, our measured color for 2000 QN251 is
much redder than the earlier measurement.
2000 QN251 is one of the brightest objects detected by
our survey, with calculated g, g, i, i magnitudes of 24.3,
24.4, 22.6, 22.6, respectively. All four images had compa-
rable seeing, and our computed absolute magnitude (de-
rived from interpolation of g- and i-band magnitudes)
matches the value listed by the Minor Planet Center.
Our reported magnitude values preclude any rotational
modulation in apparent magnitude between consecutive
images taken in the same band. We suggest that the dis-
crepancy between the measured colors in our work and
Sheppard (2012) may be due to inconsistent observing
conditions during the previous observation or a different
observing cadence, which may have led to a rotational
contribution to the Sheppard (2012) color measurement.
We note that neither 2000 QN251 nor 2005 SC278 is a
hot KBO, so they are not included in the color-magnitude
analysis in this paper.
The distribution of colors g−i for all the hot KBOs de-
tected by our survey is shown in Figure 3 with the unfilled
histogram. The bimodality of the distribution is clearly
discernible, with two color modes centered at around
g − i = 0.9 and g − i = 1.3. Moreover, the bimodality is
present throughout the entire magnitude range covered
by our survey (H = 6.5 − 10.4). This color distribution
is indicative of two subpopulations within the small hot
R 
VR 
Fig. 3.— Histogram of g− i colors for hot KBOs detected in our
survey: the unfilled graph shows the distribution of all 136 objects
in the dataset, while the filled graph shows the distribution of only
the 118 objects with color uncertainties σg−i ≤ 0.15. A robust
bimodality is evident in both distributions, dividing the objects
into two subpopulations — red (R) and very red (VR). The vertical
dashed lines indicate the computed mean colors of the R and VR
subpopulations — (g − i)R = 0.91 and (g − i)V R = 1.42.
KBO population whose members have characteristically
different surface colors. Hereafter, we refer to these sub-
populations as the red (R) and very red (VR) KBOs.
To carry out a more detailed analysis of the individual
subpopulations, we first filter our survey KBO dataset
by removing the low signal-to-noise objects. The photo-
metric errors of the detected objects become large with
decreasing apparent brightness; the color uncertainties
are also increased for objects located in images that were
obtained when the seeing was poor. A sizeable fraction of
the objects in the survey KBO dataset have color uncer-
tainties that are comparable to the difference between the
two color modes. These large uncertainties contribute
additional scatter to the color distribution and prevent
clear categorization of those objects as R or VR. For
the results presented below, we constructed a filtered
KBO dataset by only considering the 118 objects with
σg−i ≤ 0.15.
The color distribution of objects in the filtered KBO
dataset is shown by the solid histogram in Figure 3. To
quantitively determine the mean colors of the R and VR
subpopulations, we followed the technique employed in
our past studies of bimodal asteroid populations (Wong
et al. 2014; Wong & Brown 2015) and fit the filtered
KBO color distribution to a two-peaked Gaussian prob-
ability function. A standard log-probability minimiza-
tion yielded the mean R and VR colors: (g − i)R = 0.91
and (g − i)V R = 1.42. The standard deviation of the
two color modes are σg−i,R = 0.12 and σg−i,V R = 0.09,
respectively.
This normal mixture model fitting also allows us to de-
termine the significance of the bimodality. We computed
the Bayesian Information Criterion (BIC) for both uni-
modal and bimodal distribution fits to the KBO color
distribution. The BIC is defined as BIC ≡ −2 log(L) +
k log(n), where L is the likelihood of the best-fit solution,
5k is the number of free parameters, and n is the num-
ber of data points. The difference in BIC between the
unimodal and bimodal fits is ∆BIC= 23.0, which shows
that the bimodal interpretation is very strongly favored
(∆BIC> 5 indicates a strong preference for the model
with smaller BIC).
Having established the mean colors, we can now sort
individual objects into the R and VR subpopulations
based on their measured colors. We classified all ob-
jects in the filtered KBO dataset with g− i ≤ (g − i)R +
σg−i,R = 1.03 as R and all objects with g − i ≥
(g − i)V R − σg−i,V R = 1.31 as VR. While our previ-
ous studies used the mean colors as the cutoff locations
for classifying objects into subpopulations, limiting the
filtered KBO dataset to just objects with σg−i ≤ 0.15
enabled us to extend our categorization into the region
between the two mean colors. As a result, we categorized
63 objects as R and 30 objects as VR.
3.2. Magnitude distributions
Our moving object detection procedure returned the
right ascension and declination of all objects in each
of the four exposures taken at the corresponding fields.
From here, we converted to geocentric ecliptic coordi-
nates to obtain the ecliptic longitude λ and latitude β
of every object. Having computed the heliocentric dis-
tance d through our orbit fitting routine (Section 2), we
calculated the geocentric distance ∆ of each object using
standard coordinate transformations:
∆ = rS cos(β) cos(λ− λS)
+
√
r2S [cos
2(β) cos2(λ− λS)− 1] + d2,
(1)
where rS and λS are the geocentric distance and geo-
centric ecliptic longitude of the Sun at the time of each
observation. We first interpolated the fluxes in g-band
and i-band to derive the V -band apparent magnitude,
v, for each object, following the spectral slope compu-
tation described in Section 4.1. Next, we converted the
apparent v magnitudes to absolute H magnitudes via
H = v − 2.5 log10(d2∆2). (2)
For the identified KBOs in our dataset with previously
obtained visible-band or multi-band photometry, our cal-
culated absolute magnitudes agree the Minor Planet
Center magnitudes to within 0.3 mag.
Figure 4 shows the cumulative absolute magnitude dis-
tribution N(H) of all objects in our survey KBO dataset
(black points). The gentle rollover starting atH ∼ 8.0 in-
dicates the onset of detection incompleteness in our sur-
vey. The magnitude distribution of KBOs has been the
subject of intensive study over the last decade, with nu-
merous dedicated surveys having been undertaken to ex-
plore the shape of the distribution through H = 11− 12.
Many recent published works in the literature present
incompleteness-corrected KBO magnitude distributions
extending well beyond the completeness limit of our pho-
tometric survey (e.g., Fraser et al. 2014; Shankman et al.
2016).
For the sake of comparison with previous studies of the
hot KBO population, we chose a conservative threshold
R 
VR 
total 
Fig. 4.— Absolute H magnitude distributions of the total sur-
vey hot KBO dataset (black points), as well as the categorized R
and VR subpopulations (magenta squares and red triangles, re-
spectively). The error bar in the lower right represents the typical
magnitude uncertainty: 0.2 mag. The two color-magnitude distri-
butions have very similar shapes throughout the entire magnitude
range. The dashed green line indicates the best-fit power law dis-
tribution to the total magnitude distribution through Hmax = 7.5,
which has a power law slope of α = 1.45.
magnitude of Hmax = 7.5 and fit the differential mag-
nitude distribution, Σ(H) = dN(H)/dH, of our survey
KBOs through Hmax with a single power law distribu-
tion of the form Σ(α,H0|H) = 10α(H−H0), where α is
the power law slope, and H0 is the normalization mag-
nitude for which Σ(H0) = 1. Following the methods
described in Wong & Brown (2015), we used a Markov
Chain Monte Carlo algorithm to estimate the best-fit
parameters and corresponding 1σ uncertainties, which
yielded α = 1.45+0.40−0.37. This value is steeper than the
slope of 0.87+0.07−0.2 reported by Fraser et al. (2014) for the
same magnitude range, though still consistent at the 1.5σ
level.
Our analysis of the g − i color distribution and the
classification of individual hot KBOs as R or VR allow
us carry out the first study of the individual magnitude
distributions of the R and VR color subpopulations. The
cumulative absolute magnitude distributions of the cat-
egorized R and VR KBOs are shown in Figure 4. It
is immediately apparent that the R and VR magnitude
distributions have nearly identical shapes throughout the
enter magnitude range covered by our survey. The sim-
ilarity between the R and VR magnitude distributions
has important implications regarding the origin of the
color bimodality, which we discuss in the next section.
Although not all KBOs in our filtered sample were clas-
sified as R or VR due to their intermediate measured col-
ors, this incompleteness in categorization is magnitude-
independent and therefore has no effect on the relative
shapes of the color-magnitude distributions. Meanwhile,
non-uniform seeing and differing g- and i-band signal-to-
noise can cause survey biases. Among the objects in our
filtered sample, the majority had the worst seeing during
g-band observations (see supplemental table). Overall,
when the seeing during g-band and i-band observations
were comparable, the signal-to-noise is slightly lower in
6g-band. Both of these trends establish g as the limit-
ing band for detection. For a KBO with a given absolute
magnitude near the detection limit, R objects are roughly
0.1 mag brighter in g-band than VR objects.
Thus, we conclude that our survey has a bias toward
R objects. We note, however, that this bias only affects
the faintest objects in our sample. Therefore, the rela-
tive shape of the R and VR magnitude distributions and
the R-to-VR number ratio among the brightest objects
should not be influenced by the bias.
We used mean R and VR geometric albedos from the
literature (pv,R = 0.06 and pv,V R = 0.12, respectively,
as computed in Fraser et al. 2014) to convert absolute
magnitudes to approximate diameters via the relation
D = 1329 × 10−H/5/√pv km. To obtain our first esti-
mate of the R-to-VR number ratio r, we considered only
categorized KBOs larger than 100 km in diameter, cor-
responding to threshold absolute magnitudes of H = 8.7
and H = 7.9 for R and VR objects, respectively. In
this range, we detected 36 R and 10 VR objects, corre-
sponding to r = 3.6. Since our method for classifying
of objects into subpopulations relied on the results of a
double Gaussian fit (see Section 3.1), the number ratio
we calculate can be affected by deviations in the mea-
sured color distribution from a true two-peaked Gaussian
shape (e.g., slight asymmetries relative to mean R and
VR colors).
As a second estimate of the R-to-VR number ratio, we
calculated the error-weighted mean color of all 46 objects
in our filtered KBO sample larger than 100 km — g − i =
1.04. We modeled the mean color as a mixture of R
and VR objects with typical colors (g − i)R = 0.91 and
(g − i)V R = 1.42, respectively: g − i = q×(g − i)R+(1−
q) × (g − i)V R, where q is the R object fraction and is
related to r via r = q/(1 − q). Through this procedure,
we obtained r = 3.0. Acknowledging the sensitivity of
the computed number ratio to the particular method of
calculation, we give the general conclusion that the R
hot KBO subpopulation is roughly three to four times
the size of the VR subpopulation.
4. DISCUSSION
Our two-day HSC survey represents the most system-
atic photometric survey of small KBOs to date, greatly
increasing the number of measured KBO colors for ob-
jects fainter than H ∼ 7. We demonstrated incontro-
vertibly for the first time the robust bimodality in opti-
cal color among small KBOs in the hot population. The
classification of objects into the R and VR subpopula-
tions also enabled the first look at the individual color-
magnitude distributions. Building on the analysis pre-
sented in the previous section, we are now in a position
to compare the small hot KBOs to other populations and
discuss the origin of the attested color bimodality.
4.1. Comparison with Centaurs
Constraining for relatively high signal-to-noise objects
via the condition σg−i ≤ 0.15, we obtained a filtered
KBO set of 118 objects (Section 3.1). Applying the same
constraint to the 16 Centaurs detected by our survey
yields 15 objects.
In order to combine our data with previously published
color measurements of Centaurs and hot KBOs compiled
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Fig. 5.— Top panel: spectral slope distribution of 200 hot KBOs,
incorporating objects in the filtered KBO dataset from our survey
as well as objects contained in the Peixinho et al. (2015) database
spanning the same magnitude range. Bottom panel: same as top
panel, but for 53 Centaurs detected by our survey or listed in the
Peixinho et al. (2015) database (with H ≥ 7). All of these spectral
slope values have uncertainties less than 10 × 10−5 A˚−1. Both
spectral slope distributions are bimodal, with the R and VR modes
in each population located at similar spectral slope values.
in the literature, we must convert our g−i colors to spec-
tral slopes S. We followed the prescription described
in detail in Wong et al. (2014) and first converted the
measured apparent magnitudes to flux, normalizing to
unity in g band: Fg = 1, Fi = 10
0.4((g−i)−0.55), where we
have removed the solar g − i color (Ivezic´ et al. 2001).
The associated relative flux uncertainties were computed
using the second-order method of Roig et al. (2008):
∆Fg/Fg =
√
2σg, ∆Fi/Fi = 0.9210σg−i(1 + 0.4605σg−i).
We then calculated the spectral slope S using standard
linear regression.
We queried the database of objects analyzed in Peix-
inho et al. (2015) for hot KBOs (inclinations greater than
or equal to 5◦; Section 2) and Centaurs, both with the
condition H ≥ 7, finding 82 and 38 objects, respectively.
Combining these objects with our survey data, we con-
structed a total spectral slope dataset for 200 hot KBOs
and 53 Centaurs. The corresponding spectral slope dis-
tributions are shown in Figure 5.
We note that the transformation from g − i color to
S is not linear, with the distance between spectral slope
values corresponding to evenly spaced g − i color val-
ues being amplified as the color becomes redder. As a
result, the shape of the VR mode in the spectral slope
distribution is broad and noticeably asymmetric, as op-
posed to the shape of the analogous peak in the g − i
color distribution (Figure 3). This serves to reduce the
saliency of the bimodality in the spectral slope distribu-
tion. However, even with this effect, the bimodality in
spectral slope among the hot KBOs is still discernible.
The bimodality in spectral slope among the Centaurs
is well-attested by numerous previous studies (e.g., Peix-
inho et al. 2003; Barucci et al. 2005; Perna et al. 2010).
The comparison of Centaurs with hot KBOs demon-
strates that not only is the hot KBO spectral slope distri-
bution also bimodal, the two color modes closely corre-
7spond in location to the two color modes in the Centaur
spectral slope distribution. In other words, the R and
VR Centaurs (often referred to as gray/neutral and red
in the literature) have the same colors as R and VR hot
KBOs.
From this observation, we can conclusively resolve the
issue of the color bimodality of Centaurs in this magni-
tude range (which includes all known Centaurs except
Chariklo and Chiron) —- before being scattered inward
onto their current comet-like orbits, R and VR Centaurs
were members of the R and VR hot KBO subpopula-
tions, respectively, as previously suggested by Fraser &
Brown (2012) and Peixinho et al. (2012).
4.2. Comparison with larger hot KBOs
We also place the color data of small KBOs from our
survey in the context of the wider hot KBO population
as a whole. Figure 6 shows the color-magnitude distri-
bution of all hot KBO and Centaurs with spectral slope
errors less than 10× 10−5 A˚−1. The plot illustrates how
our survey data extends the known body of high quality
KBO color measurements into the size region that had
previously only been adequately studied using Centaur
colors as proxy.
For both hot KBOs and Centaurs, a bimodality in color
is evident at all magnitudes among objects fainter than
H ∼ 7, as was discussed in Section 4.1. The Subaru hot
KBO data nearly triple the number of high signal-to-
noise KBO color measurements between H = 7 and H =
9 contained in the Peixinho et al. (2015) database and are
instrumental in solidifying the observation of bimodality
in that size range, which was previously hinted at using
far fewer data points (Fraser & Brown 2012; Peixinho
et al. 2012, 2015).
Notably, however, the colors of larger, brighter hot
KBOs show a more uniform distribution, with many ob-
jects having spectral slope values intermediate between
the two color types. The apparent clustering of near-
neutral objects between H = 2 and H = 6 is primarily
due to the presence of the Haumea collisional family. Pre-
vious studies have shown that, omitting the Haumea fam-
ily members, no significant bimodality is present among
objects brighter than H ∼ 6 (Fraser & Brown 2012; Peix-
inho et al. 2012, 2015). In other words, only small hot
KBOs are bimodal in color.
The threshold of H ∼ 6 corresponds to a diameter
of roughly 300 − 400 km. Observations of these large-
and intermediate-sized objects have revealed somewhat
higher albedos than their smaller counterparts (Stans-
berry et al. 2008). This suggests that the larger KBOs
have fundamentally different surface properties than the
objects covered by our survey. The discrepancy may be
due to the effects of secondary processes since forma-
tion, such as the onset of cryovolcanism or differentia-
tion, which would not have occurred in smaller bodies
(see, for example, discussion in Fraser & Brown 2012).
4.3. Comparison with Jupiter Trojans
Recent theories of solar system evolution posit that
a mean motion resonance crossing between Jupiter and
Saturn roughly 600 Myr after the formation of the solar
system led to significant alterations in the orbital ar-
chitecture of the giant planets (Morbidelli et al. 2005;
R 
VR 
P+2015 
P+2015 
Fig. 6.— Color-magnitude plot for hot KBOs and Centaurs com-
bining data tabulated in Peixinho et al. (2015) (dots) and the re-
sults of our Subaru survey (squares). Only spectral slope measure-
ments with uncertainties less than 10 × 10−5 A˚−1 are included;
error bars on data points are omitted for the sake of clarity, with
the size of the maximum uncertainty indicated by the example er-
ror bar in the upper right. Bimodality in color is discernible among
all objects fainter than H ∼ 7. The horizontal dashed line indicates
the approximate boundary between R and VR colors. Meanwhile,
the larger hot KBOs display a uniform color distribution, with the
exception of a small clustering of neutral colored objects in the
range H = 2 − 6 that is dominated by Haumea collisional family
members.
Gomes et al. 2005; Tsiganis et al. 2005). An important
consequence of this dynamical restructuring is the scat-
tering of the primordial body of planetesimals that were
situated beyond the orbits of the ice giants. While the
majority of the mass within this region was expelled from
the solar system as the orbits of the ice giants expanded,
a fraction of the planetesimals were scattered outward to
become the present-day Kuiper Belt. The remainder was
scattered inward and eventually captured into resonance
with Jupiter to become the Trojan asteroids. Therefore,
the current paradigm of solar system evolution predicts
a common origin for Jupiter Trojans and KBOs.
Several authors have previously noted that the over-
all magnitude distributions of Trojans and hot KBOs
brighter than H ∼ 8 − 9 are similar (e.g., Fraser et al.
2014). In Wong et al. (2014), we reported a power law
slope of 1.11±0.201 for Trojans brighter than H ∼ 8. In
our present study, we obtained a best-fit magnitude dis-
tribution slope of 1.45+0.40−0.37 for hot KBOs brighter than
H = 7.5. The comparison demonstrates that the bright
hot KBOs and Trojans of the same size have statistically
indistinguishable magnitude distributions.
Similar to the KBOs, the Trojans display a robust op-
tical color bimodality, albeit with the peaks of the modes
centered at bluer colors (g − i = 0.73 and 0.86; Wong &
Brown 2015). In Wong et al. (2014), we categorized Tro-
jans into the two respective color subpopulations and an-
alyzed the individual color-magnitude distributions. We
showed that the two Trojan subpopulations have statis-
tically indistinguishable magnitude distributions in the
1 In Wong et al. (2014), the uncertainty in the slope was reported
erroneously as 0.02, instead of the correct value 0.20.
8bright end (H < 9), just as the R and VR hot KBO sub-
populations have nearly identical magnitude distribution
shapes throughout the brightness range covered by our
survey (Section 3.2).
Taken together, the analyses of Trojans and KBOs pro-
vide strong evidence to support one of the key predictions
of current models of solar system evolution. Not only are
the overall magnitude distributions of the hot KBOs and
Trojans similar, but the individual constituent color sub-
populations have comparable magnitude distributions.
Therefore, we can posit that each of the two subpop-
ulations in the Trojans and hot KBOs are sourced from
a single progenitor body of planetesimals.
4.4. Origin of the color bimodality
The bimodal color distribution of hot KBOs is indica-
tive of two different surface types, with distinct photo-
metric properties. There are two classes of possible ex-
planations for the origin of the observed color bimodality:
(1) the R and VR KBOs formed in different regions of
the protoplanetary disk and were sourced from material
with different bulk compositions, and (2) the R and VR
KBOs formed in the same region of the disk and out of
the same material, but later developed distinct surface
properties via some secondary evolutionary process.
The size distribution, or by proxy, the magnitude dis-
tribution, of a population contains information about
both the accretion environment and the subsequent colli-
sional evolution of the population. Therefore, the color-
magnitude distributions we derived in our analysis are
a crucial tool in helping us understand how the color
bimodality developed.
In Figure 4, we showed that the R and VR hot KBO
magnitude distributions are nearly identical in shape,
which suggests that the two subpopulations have under-
gone a similar formation and evolutionary history and
therefore likely formed out of the same body of material
within the protoplanetary disk. This similarity in mag-
nitude distribution shape contrasts with, for example,
the strong discrepancy between the hot and cold KBO
magnitude distributions (e.g., Fraser et al. 2014).
In Wong & Brown (2016), we proposed a simple hy-
pothesis, that accounts for the development of a color
bimodality within the primordial planetesimal disk be-
yond the orbits of the ice giants. Assuming the dynam-
ical framework of the Nice Model, the model describes
a primordial body of material situated between 15 and
roughly 30 au, from which the modern hot KBO pop-
ulation is sourced (e.g., Morbidelli et al. 2005; Levison
et al. 2008). After a residence time of roughly 600 Myr
(Gomes et al. 2005), a period of chaotic dynamical evolu-
tion throughout the outer solar system scattered a frac-
tion of these objects into the current Kuiper belt region
(see discussion in previous subsection).
The hypothesis posits that all the bodies within the
primordial trans-Neptunian disk accreted with a roughly
cometary composition, i.e., rocky material and water ice,
with a significant volume of other volatile ices such as car-
bon dioxide, methanol, ammonia, hydrogen sulfide, etc.
During the accretion process, large objects migrated dif-
ferentially through the disk (e.g., Kenyon et al. 2008),
so that the overall disk was well-mixed compositionally,
with a single characteristic size distribution. Once these
bodies were exposed to insolation after the dispersal of
the gas disk, sublimation-driven loss of volatiles from the
outermost layers led to the development of distinct sur-
face compositions throughout this region.
The loss rate of each individual volatile ice species is
correlated with its vapor pressure, which in turn has a
strong exponential dependance on temperature. As a re-
sult, each volatile ice species would have a sublimation
line at a different location within the primordial disk: ob-
jects situated inward of the line became depleted in that
species on their surfaces, while objects situated beyond
the line retained that species on their surfaces.
From our modeling, we found that the sublimation
line of hydrogen sulfide ice (H2S) passed through the
region of the primordial trans-Neptunian planetesimal
disk. Therefore, objects within this single primordial
population would have been divided into two groups —
those that retained H2S on their surfaces, and those that
did not. Previous experimental work has shown that ir-
radiation of volatile ices leads to a general redding of the
optical spectral slope (e.g., Brunetto et al. 2006). We
posited that the presence of H2S on the surface of an
object would contribute additional reddening relative to
case where H2S was absent. H2S is known to induce a
strong reddening of the surface upon irradiation, as has
been observed in the H2S frost deposits on Io (Carlson
et al. 2007).
After the Nice Model dynamical instability, some ob-
jects in the trans-Neptunian region were scattered out-
ward, sharing a common size distribution by virtue
of their common formation environment while inher-
iting the surface color bimodality that developed in
the primordial planetesimal disk due to differential
loss/retention of H2S. Likewise, some objects were scat-
tered inward to eventually settle into resonance with
Jupiter, thereby explaining the observed color bimodality
in the Trojans and the similarity in magnitude distribu-
tions between the color subpopulations of the Trojans
and hot KBOs. In Wong & Brown (2016), we specu-
late that the bluer colors of the two Trojan subpopula-
tions may be due to secondary processing of the irradi-
ated surfaces following their emplacement into a higher-
temperature environment at 5.2 au.
5. CONCLUSION
In this paper, we presented the results of a wide-field
photometric survey of KBOs carried out using the Sub-
aru/HSC instrument. Over the course of two nights of
observation, we imaged 356 KBOs in the g and i filters,
from which we obtained the g− i colors. After constrain-
ing our dataset to the hot KBO population (objects with
inclination greater than or equal to 5◦) and filtering out
low signal-to-noise detections, we examined the resulting
color distribution of 118 objects and provided the first
separate analysis of the magnitude distributions of the
two attested subpopulations within the hot KBO popu-
lation — the R and VR subpopulations. The main con-
clusions are summarized below:
• The optical color distribution of hot KBOs shows
a robust bimodality across the entire magnitude
range covered by our survey (H > 6.5). The two
modes in the color distribution correspond to the R
and the VR subpopulations and have mean colors
of (g − i)R = 0.91 and (g − i)V R = 1.42, respec-
9tively.
• The absolute magnitude distributions of the R and
VR subpopulations are nearly identical in shape
throughout the magnitude range covered by our
survey. The estimated R-to-VR number ratio is
between 3-to-1 and 4-to-1.
• The color distributions of Centaurs and similarly-
sized hot KBOs are comparable in shape. The lo-
cations of the R and VR color modes are similar
for both populations and indicate that the R and
VR Centaurs are sourced from the R and VR hot
KBO subpopulations, respectively.
• Unlike their smaller counterparts, hot KBOs larger
than H ∼ 6 have a more uniform color distribution
when excluding the neutral-colored members of the
Haumea collisional family.
• The magnitude distributions of the R and VR hot
KBOs are similar to the magnitude distributions
of the two color subpopulations attested in the
Jupiter Trojans, suggesting a common origin for
the individual color subpopulations, as predicted
by recent theories of solar system evolution.
• The similarity between the R and VR KBO mag-
nitude distributions suggests that the two subpop-
ulations share a single progenitor population and
have undergone similar formation and evolutionary
histories. We hypothesize that the color bimodal-
ity arose due to location-dependent retention vs.
loss of H2S on the surfaces of these bodies in the
early solar system, prior to the onset of dynamical
instability that emplaced them into their current
location.
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